The most direct approach in breeding triploid Populus is crossing allotetraploids with diploids. However, the lack of allotetraploid Populus restricts application of this approach. In this investigation, zygotic chromosome doubling was induced with colchicine and high temperatures to produce ((Populus pseudo-simonii × P. nigra 'Zheyin3#') × (P. × beijingensis)) allotetraploids. We screened 6 and 25 tetraploid individual offspring from the colchicine and high-temperature treatments respectively, indicating that both colchicine and high temperature are effective for tetraploid production by zygotic chromosome doubling of Populus. Developmental characteristics of seed hairs in the ovaries were temporally associated with zygotic development, which was used to successfully guide the colchicine and high-temperature treatments. During certain stages of hair development, the efficiency of tetraploid production was significantly high. However, efficiency of production was not significantly influenced by other factors, i.e. colchicine concentration, temperature or duration of high-temperature treatment. Size and frequency of leaf stomata between tetraploid and diploid plants were significantly different, suggesting that this character can be altered via genomic increase in material. The allotetraploids produced in this investigation, having different genotypes, provide important parental germplasms for further triploid breeding.
Introduction
The genus Populus L. is widely cultivated throughout the northern hemisphere, providing plenty of raw material for the wood industry. Recently, more attention has been paid to Populus species as a response to global climate change because of their biomass production and carbon fixation capabilities (Liberloo et al. 2006; Werner et al. 2012) . In China, more than 7 million hectares of land is covered by poplars (Fang 2008) , leading to a huge demand for varieties with good growth, stress resistance and timber quality. Although biotechnological techniques have been more and more frequently applied to improving poplar varieties (Yang et al. 2008; Lu and Hu 2011; Ye et al. 2011) , cultivars are still produced through traditional breeding methods, such as hybridization and polyploid breeding (FAO 2008; FAO 2012) .
Since the first triploid Populus individual with fast-growth and extremely large leaves was discovered in Sweden (Müntzing 1936; Nilsson-Ehle 1936) , polyploid breeding programs have played an important role in Populus improvement and variety selection. Some triploid poplar cultivars, demonstrating advantages in growth, biomass production and pulpwood properties, have been widely used in plantations (Weisgerber et al. 1980; Zhu et al. 1995; Zhang et al. 2004; Zhang et al. 2005) . Therefore, production of triploids has been of concern for the last several decades. Many approaches can be used to produce triploid poplars, e.g. pollination with spontaneous or induced diploid (2n) pollen (Johnsson and Eklundh 1940; Seitz 1954; Mashkina et al. 1989a; Zhu et al. 1995; Kang et al. 2000) and hybridization with natural or artificial 2n female gametes (Li et al. 2008; Zhang et al. 2009; Wang et al. 2010; Wang et al. 2012a, b) . However, hybridization of tetraploid parents should be the most direct approach because of 2n gamete production from normal meiosis of the allotetraploid. Einspahr (1984) produced some triploid hybrids with favorable growth and wood properties through pollination of diploid P. tremuloides by tetraploid P. tremula. Baumeister (1980) selected a superior triploid hybrid named Astria from the offspring of tetraploid P. tremula and diploid P. tremuloides. This particular cultivar has a narrow crown, fast growth and good resistance to rust disease. Furthermore, female tetraploid aspens were even planted in superior stands as parents in order to produce offspring in some regions of Northern Europe and the USA (Xu 1988) . However, spontaneous tetraploid plants are rarely found in nature, restricting the application of this approach.
Tetraploids are usually induced via mitotic inhibition in vitro (Dhooghe et al. 2010) . Seeds, shoot tips and calli of poplars have been used to induce somatic chromosome doubling (Mattila 1961; Pesina 1963; Ewald et al. 2009 ), but a number of mixoploids formed along with the tetraploids. A zygote, as a single cell, should be ideal material for tetraploid induction. However, reports on zygotic chromosome doubling are rare (Mashkina et al. 1989b ), because zygotic development, which is located inside the ovule, is difficult to detect. In this investigation, a method for instant detection of zygotic development of ((P. pseudo-simonii × P. nigra 'Zheyin3#') × (P. × beijingensis)) was formulated to guide treatment; zygotic chromosome doubling was induced with colchicine and high temperature to produce allotetraploids.
Materials and Methods

Plant materials
Floral branches of the female parent, Populus pseudo-simonii × P. nigra 'Zheyin3#' (2n = 2x = 38), were collected from a plantation in Tongliao City (Inner Mongolia Autonomous Region, People's Republic of China). Floral branches of the male parent, Populus × beijingensis (2n = 2x = 38), were collected at the campus of Beijing Forestry University. The branches were water-cultured to force floral development in a greenhouse (10-20 °C) for later use.
Cytological observation of zygote development
After pollination the catkins of the 'Zheyin3#' were collected from the branches. A total of 18 catkins were dissected to observe the development of seed hairs, which was photographically recorded by a stereo-microscope (Olympus SZX12) with an Olympus C5060 Wide Zoom camera. According to the characteristics of hair development presented in Table 1 , the catkins were classified and fixed in a fixative (70% ethanol: acetic acid: 40% formaldehyde, 90:5:5). Eight μm paraffin sections were cut at and stained with iron hematoxylin.
Treatment with colchicine solution and high temperatures
Based on the characteristics of seed hair development, pollinated female catkins at different stages were selected for treatment. Both colchicine and high temperature were used to induce zygotic chromosome doubling. For the colchicine treatment, the catkins, which still adhered to branches, were immersed in 0.3% and 0.5% colchicine solution for 24 h. After treatment, the catkins were rinsed with tap water to clean the residual colchicine. For the high-temperature treatment, the whole branches with catkins were exposed to 39 °C, 41 °C and 43 °C for 2 h, 4 h and 6 h. After treatment, all branches were water-cultured in the greenhouse until seed collection. Untreated buds were defined as the control group.
After the catkins matured, seeds were collected and germinated in sterile soil. When the seedlings grew to approximately 5 cm in height, they were transferred into containers with nutritious soil to promote growth. The seedlings were transplanted to the field site at approximately 30 cm height. Table 1 . Relationship between seed hair and embryo development in ((Populus pseudo simonii × P. nigra 'Zheyin3#') × (P. × beijingensis)) ovaries. 
Ploidy level determination
Flow cytometric analysis is a reliable method for ploidy level determination of Populus (Wang et al. 2012b) , so seedlings were first analyzed by flow cytometry to screen for tetraploids. After flow cytometric analysis, stem tips of the tetraploids were used to count somatic chromosomes to provide cytological evidence. Both flow cytometric analysis and somatic chromosome counting were conducted according to Wang et al. (2012b) .
Stomata characteristic measurement
Thirty-one randomly selected diploids of (P. pseudo-simonii × P. nigra 'Zheyin3#') × P. × beijingensis were used to compare with the induced tetraploids. For stomata analysis, the lower epidermis from the middle portion of the tenth mature leaf from the shoot tip was peeled off and placed on a slide. To determine stomatal size, 40 randomly selected stomata per plant were measured microscopically using an ocular micrometer. Fifteen randomly selected microscopic field areas per plant were counted to obtain stomatal frequency.
Statistical analysis
The data of tetraploid production was analyzed using the Chi-Square test. Stomatal size and frequency data were analyzed with t-tests. Stomatal frequency data were log-transformed prior to the t-tests. All statistical analyses were performed in SPSS (version 18.0).
Results
Double fertilization and embryo development
Double fertilization of the 'Zheyin3#' was porogamous and occurred between 84 and 144 h after pollination because of asynchronous development. Pollen tubes entered the embryo sac through the micropyle and released two sperms in one synergid cell (Figs. 1a and b) . After the degeneration of the receptive synergid, one sperm moved close to the egg (Fig. 1c) and the other close to the central cell. Subsequently, the other synergid cell degenerated, which was followed by double fertilization. One sperm each fused with the egg and central cell (Fig. 1d) , resulting in the formation of a diploid zygote (Fig. 1e ) and a triploid primary endosperm nucleus. The zygote began the first mitotic division 2-3 days after fertilization, forming a 2-celled embryo (Fig. 1f) . Following that, the embryo developed into 4-celled (Fig. 1g ), 8-celled (Fig. 1h) , globular ( Fig. 1i) , heartshaped, torpedo-shaped and cotyledon-stage embryos successively, until maturation was reached approximately 30d after pollination. In the ovary, completion of double fertilization was accompanied by the initiation of seed hair growth around the funicle. The relationship between embryo development and developmental characteristics of the seed hair was established (Table 1) , this can be used to guide treatment methods of tetraploid induction. Six stages corresponding to the characteristics of seed hair development were defined. In a stage I ovary, no hair formed around the funicles (Fig. 2a) , corresponding to embryo sac development. A stage II ovary was characterized by the initiation of hair (Fig. 2b) , corresponding to fertilization. In a stage III ovary, the hair elongated and covered the funiculus (Fig.  2c) . Zygotes had formed in many ovules at this stage. Ovaries were considered stage IV once the hair had begun to enclose the ovules (Fig. 2d) . More than half of the zygotes had developed into 2-celled embryos, some were 8-celled embryos. At stage V, hair enclosed the ovules completely, but did not fill the ovary (Fig. 2e) . 90.48% of zygotes started their embryo development. When the hair filled the ovary (stage VI, Fig. 2f ), all zygotes had developed into embryos with more than 4 cells.
Tetraploid production
Colchicine and high-temperature treatments produced 6 and 25 tetraploids (2n = 4x = 76, Fig. 3 ), respectively. No tetraploid was found in the control group, suggesting that hybridization between the 'Zheyin3#' and the P. × beijingensis rarely produces tetraploids. While colchicine treatments induced tetraploid production (Table 2) , the efficiency of tetraploid production differed among the treatments. The highest frequency of tetraploid induction was 3.13% in a treatment of 0.5% colchicine for 24 h at stage III. Although tetraploids were just induced at stages II and III, no significant differences were found by Chi-Square tests among the seed hair development stages (P = 0.603) and colchicine concentrations (P = 0.571). Table 3 presents the efficiency of tetraploid production through high-temperature-induced zygotic chromosome doubling. The highest rate of tetraploid production was up to 7.14%, which happened in the 43 °C for 2 h treatment at stage IV. A significant difference was found by ChiSquare test among the seed hair development stages (P = 0.017), indicating the importance of stage selection in tetraploid production. As far as tetraploid production goes, efficiency was highest during seed hair development stage IV, meaning it was more suitable for high-temperature-induced zygotic chromosome doubling than the other stages. There were no significant differences among different temperatures (P = 0.502) and durations of treatment (P = 0.899). However, many catkins were killed at 43 °C, causing no seed was collected in some treatments.
Stomatal comparison between diploid and tetraploid plants
Stomatal characteristics of 31 individuals of each ploidy level, including length, width and frequency, were recorded and compared (Fig. 4) . The range of variation for stomata length, width and frequency was large among individuals of the same ploidy level (Table 4) , which indicated character segregation was common in the F 1 generation. Although the ranges intersected slightly, t-tests revealed that all of the stomatal characteristics were significantly different between tetraploids and diploids (t = 14.350, P < 0.0001 in stomata length; t = 10.178, P < 0.0001 in stomata width; and t = 11.142, P < 0.0001 in stomatal frequency, respectively). 
Discussion
In plants, tetraploids can be induced by treating seeds, shoots, somatic embryos, calli and protoplasts with chemical mutagenic agents (Särkilahti and Valanne 1990; Kadota and Niimi 2002; Zeng et al. 2006; Ewald et al. 2009; Dhooghe et al. 2010; Kanchanapoom and Koarapatchaikul 2012) . In Populus, Mattila (1961) treated seeds of P. tremula × P. tremuloides with 0.1% colchicine solution for 1 h before sowing, resulting in some tetraploid seedlings. Ewald et al. (2009) produced tetraploid poplar plants by inducing chromosome doubling using colchicine on the shoot tips in vitro. Nevertheless, because it is difficult to induce chromosome doubling for all cells in a multicellular tissue, mixoploids, which are unstable because of the asynchronous cell cycles of the two types of cells, were common (Mergen and Lester 1961; Nilanthi et al. 2009 ). In addition, all tetraploids from the same explant have the same genotype. In this investigation, chromosome doubling was induced in unicellular zygotes, avoiding mixoploid production and producing 31 tetraploids with different genotypes. This demonstrates, therefore, that the zygote is ideal material for tetraploidy germplasm production. Both colchicine and high temperature are usually used to induce polyploids in plants ( Randolph 1932; Särkilahti and Valanne 1990; Zhang et al. 2002; Dhooghe et al. 2010 ). In the genus Populus, colchicine has been used to successfully induce 2n pollen, 2n eggs and somatic chromosome doubling (Mattila 1961; Kang et al. 2000; Ewald et al. 2009; Wang et al. 2010) , producing both triploids and tetraploids. Recently, Wang et al. (2012a, b) reported 2n female gamete induction with high-temperature treatment during megasporogenesis and embryo sac development, resulting in the production of a number of triploid plants. In the present study, both colchicine and hightemperature treatments produced tetraploid plants, suggesting that both are effective for zygotic chromosome doubling. The suitable stage of seed hair development for guiding the colchicine treatment (stage II and III) was earlier than that for the high-temperature treatment (stage III and IV), likely because of the slower transfer of liquid than temperature in the air-filled ovary (Wang et al. 2012b) .
In Populus ovaries, seed hairs originate from epidermal cells of the funiculi. Previous studies found that fertilization was not necessary to hair cell initiation and that development of hair cells was not associated with seed development (Nagaraj 1952; Fechner 1972 ). However, a temporal relationship between seed hair development and zygotic development in the ovary was observed in the present study. Although the mechanism of hair cell formation is uncertain, the relationship still provides a viable and instant tool to guide effective treatments for zygotic chromosome doubling.
Stomatal characteristics, including size, frequency and chloroplast number, are commonly used in determining ploidy levels in plants (Ewald et al. 2009; Sun et al. 2009; Zhang et al. 2010) . Ewald et al. (2009) reported chloroplast counting as an effective and reliable method for polyploid prescreening in Populus. Both stomatal size and frequency, in our investigation, exhibited highly significant differences between tetraploid and diploid plants, indicating that stomatal characteristics might be reliable enough for polyploid confirmation. Although chromosome counting is widely considered the most precise method for ploidy level detection, stomatal characteristics should be given preference for polyploid pre-screening of large numbers of plants because of its simple operation and high accuracy. In China, some triploid cultivars of Populus, e.g. P. × canadensis 'Zhonglin-46', P. × canadensis 'Sacrau 79', P. × liaohenica, P. × langfangensis-3 and triploid clones of P. tomentosa, have been widely deployed in artificial plantations because of their good growth properties and pulpwood characteristics. In order to obtain triploid plants of Populus, unilateral sexual polyploidization via induced 2n male or female gametes has been widely studied (Mashkina et al. 1989a; Kang et al. 2000; Li et al. 2008; Wang et al. 2010; Wang et al. 2012a, b) . More than 60% triploid production efficiency can be achieved via hybridization with induced 2n female gametes (Wang et al. 2010; Wang et al. 2012b ). However, crossing allotetraploids with diploids is still the most direct approach. In our investigation, production of allotetraploids with different genotypes provided sufficient amounts of parental germplasm for further triploid breeding.
To date, reports on the use of Populus tetraploid clones in forest plantations are rare. However, tetraploid cultivars of other forest trees, such as Robinia pseudoacacia, have performed well in terms of wood production and foraging properties (Li and Jiang 2006) , suggesting that selection of allotetraploid poplar with high heterosis is a possibility. Production of the 31 allotetraploid plants and development of the method for allotetraploid induction presented in this investigation provide valuable prospect for the selection of tetraploid cultivars in Populus.
